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A論 文 内 容 要 旨         E 
Organic semiconductors for various application such as organic solar cell, organic light emitting diode, and organic field-effect 
transistor are generally based on low cost and abundant raw materials. Therefore, they become a promising alternative for the
high-cost processing inorganic semiconductors. Pentacene, a polycyclic aromatic hydrocarbon constructed of five linearly fused 
benzene rings, is one of promising organic semiconductor materials for organic field-effect transistor device. Although thin films 
of polycrystalline pentacene are widely used for this application, single-crystal pentacene has attracted attention because carrier 
transport in single-crystal pentacene is less affected by structural defects (e.g., grain boundary defect) than that in polycrystalline 
pentacene. Vacuum deposition is commonly used to grow single-crystal pentacene; however, because the crystal growth 
proceeds via a non-equilibrium process, the quality of the deposited pentacene crystal tends to be low.  
Recently, ionic liquids (ILs)-assisted vacuum deposition method was introduced for fabricating single-crystal pentacene. ILs are 
liquid salts typically composed of large asymmetric cations and smaller size of anions. ILs have attracted considerable attention 
recently due to their low melting points, low vapor pressures, and thermal stability. IL droplet was coated on the substrate before 
the deposition. Imidazolium type ILs and sapphire substrate were used in the experiment. Incorporation of IL in the deposition
process improves the quality of the obtained single-crystal pentacene, in which the pentacene was crystallized inside the IL in 
equilibrium manner. Organic field-effect transistor based on single-crystal pentacene obtained by IL-assisted vacuum deposition 
has been successfully fabricated. Although the macroscopic phenomena of different crystallization quality of pentacene crystal in 
different ILs type as well as on different substrates are well observed in the experiment, the understanding of IL-assisted vacuum 
deposition at the molecular level is still scarce. Therefore, in this study, various phenomena related to the crystal growth process 
in IL-assisted vacuum deposition at the molecular level were investigated by means of molecular dynamics (MD) simulation. 
The molecular level phenomena addressed in this study are the interfacial structure of IL–substrate, the ability of IL to absorb 
pentacene, and the effect of the substrate on the diffusion of nanoscale IL, in which will be discussed in detail in the following 
chapter below. In this study, the imidazolium type ILs, with variation of the alkyl chain length of cation and anion type, and
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A論 文 内 容 要 旨         E 
Organic semiconductors for various application such as organic solar cell, organic light emitting diode, and organic field-effect 
transistor are generally based on low cost and abundant raw materials. Therefore, they become a promising alternative for the
high-cost processing inorganic semiconductors. Pentacene, a polycyclic aromatic hydrocarbon constructed of five linearly fused 
benzene rings, is one of promising organic semiconductor materials for organic field-effect transistor device. Although thin films 
of polycrystalline pentacene are widely used for this application, single-crystal pentacene has attracted attention because carrier 
transport in single-crystal pentacene is less affected by structural defects (e.g., grain boundary defect) than that in polycrystalline 
pentacene. Vacuum deposition is commonly used to grow single-crystal pentacene; however, because the crystal growth 
proceeds via a non-equilibrium process, the quality of the deposited pentacene crystal tends to be low.  
Recently, ionic liquids (ILs)-assisted vacuum deposition method was introduced for fabricating single-crystal pentacene. ILs are 
liquid salts typically composed of large asymmetric cations and smaller size of anions. ILs have attracted considerable attention 
recently due to their low melting points, low vapor pressures, and thermal stability. IL droplet was coated on the substrate before 
the deposition. Imidazolium type ILs and sapphire substrate were used in the experiment. Incorporation of IL in the deposition
process improves the quality of the obtained single-crystal pentacene, in which the pentacene was crystallized inside the IL in 
equilibrium manner. Organic field-effect transistor based on single-crystal pentacene obtained by IL-assisted vacuum deposition 
has been successfully fabricated. Although the macroscopic phenomena of different crystallization quality of pentacene crystal in 
different ILs type as well as on different substrates are well observed in the experiment, the understanding of IL-assisted vacuum 
deposition at the molecular level is still scarce. Therefore, in this study, various phenomena related to the crystal growth process 
in IL-assisted vacuum deposition at the molecular level were investigated by means of molecular dynamics (MD) simulation. 
The molecular level phenomena addressed in this study are the interfacial structure of IL–substrate, the ability of IL to absorb 
pentacene, and the effect of the substrate on the diffusion of nanoscale IL, in which will be discussed in detail in the following 
chapter below. In this study, the imidazolium type ILs, with variation of the alkyl chain length of cation and anion type, and
sapphire substrate were used according to the experimental study. A fully-hydroxylated sapphire was used as a model for the 
sapphire substrate. The contents of this thesis are summarized as follows. 
Chapter 1: General Introduction 
In Chapter 1, the background and motivation of this study are introduced. A brief introduction of IL-assisted vacuum deposition 
and its problems are given. In addition, the objectives of this study are given. 
Chapter 2: Computational Methodology 
In Chapter 2, a brief introduction of MD simulation is given. The MD simulation is suitable for this study because high number
of atoms and long simulation time are needed to predict the structure and properties of ILs correctly. In addition, the validations 
of the MD simulation are given. 
Chapter 3: Interfacial Structure of Ionic Liquid on Sapphire 
In Chapter 3, the interfacial structure of several imidazolium ILs, with variation of the alkyl chain length of cation and anion type, 
on sapphire was studied to unravel the effect of ILs type on the interfacial structure and to investigate whether the interfacial 
structure affects the crystallization quality of pentacene crystal observed in the experiment. According to the experiment, a strong 
interaction between IL and the substrate is less desirable because it gives a low crystallization quality of pentacene crystal. 
Previous study suggested that the imidazolium IL with long-alkyl-chain cation shows more pronounced interfacial structure on a 
highly oriented pyrolytic graphite than IL with short-alkyl-chain cation, indicating a strong interaction between IL with 
long-alkyl-chain cation and the graphite. However, the interfacial structure of different ILs on sapphire is still unclear, and 
therefore it was studied by MD simulation. The MD simulation revealed a layered structure formation above the substrate in all
ILs. The alkyl chain length of cation does not affect the length of the layered structure. The cations exhibit a similar interfacial 
structure on the sapphire regardless of the difference in the alkyl chain length and anion pair. The simulation results suggest that 
the interfacial structure of the cations are affected by hydrogen bonds. In addition, the interfacial structure of particular anion can 
also be explained by the formation of hydrogen bonds. This knowledge at the molecular level is difficult to be obtained in the
experiment. The results in this chapter suggest that the effect of ILs type in term of their interfacial structure is most likely not 
significant to affect the crystallization quality of pentacene crystal in IL-assisted vacuum deposition.  
Chapter 4: Molecular Interaction between Pentacene and Ionic Liquid 
In Chapter 4, the interactions between pentacene and several imidazolium ILs, with variation of the alkyl chain length of cation 
and anion type, at the molecular level was studied to reveal the effect of ILs type on the absorption of pentacene into IL. The
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experimental study suggested that the high absorption of pentacene in IL is one important factor to achieve a higher quality of 
pentacene crystal. Previous studies suggested that the absorption of solute into IL can be predicted by studying the molecular
interactions between the solute molecule and IL. However, little is known about the interactions between pentacene and IL. 
Therefore, structural and energetic aspects of pentacene solvation in IL was studied by MD simulation. In all ILs, pentacene was 
found to interact more strongly with the cations than the anions, and thereby the first solvation shell of the pentacene consists 
predominantly of IL cations. However, the cation–anion interactions were still stronger than the pentacene–ion interactions. Thus, 
the absorption of pentacene into IL is not facilitated by the pentacene–ion interactions. Another factor that has been suggested to 
affect the absorption of solute into IL is total free volume, and therefore the total free volume in all ILs was also evaluated. The 
comparison between the simulation results and experimental study suggests that IL with high absorption of pentacene has a weak 
cation–anion interactions and high total free volume. Therefore, this study revealed that the absorption of pentacene into IL is 
facilitated by the weak cation–anion interactions and high total free volume. ILs with a long-alkyl-chain cation and relatively less 
symmetric anion are expected to be a good solvent for crystallization of pentacene, owing to the weak cation–anion interactions 
and high total free volume. This study gives an insight on how particular IL has a higher pentacene absorption capacity, which
may open the possibility for designing a better crystallization solvent for pentacene toward the improvement of IL-assisted 
vacuum deposition method.  
Chapter 5: Diffusion of Nanoscale Ionic Liquid on Sapphire 
In Chapter 5, the effect of sapphire substrate on diffusion of ions in nanoscale thin-film IL was studied by MD simulation. The 
experimental study suggested that a higher diffusion of IL tends to give a higher quality of pentacene crystal. In addition, 
nanoscale thin-film IL was suggested as a promising technique to be applied in IL-assisted vacuum deposition because of the 
high uniformity of crystal growth in the lateral direction. However, the effect of sapphire substrate on the diffusion of nanoscale 
IL is still unknown. Understanding the effect of substrate on the diffusion of ions in nanoscale IL is essential for further 
application of nanoscale IL in IL-assisted vacuum deposition process. Therefore, the diffusions coefficient of ions, particularly 
in-plane direction, in nanoscale thin-film IL with thickness of 2–10 nm were investigated by MD simulation. The MD simulation 
revealed that the dynamics of ions are strongly confined in the layered structure region of approximately 1.2 nm above the 
substrate. Therefore, in 2 nm thin-film, the diffusion coefficient was significantly lower than other thicknesses because the 2 nm 
thin-film has the highest compositional ratio of the layered structure region over its total volume. The low diffusion of ions in the 
layered structure also induces a thickness dependence of diffusion coefficient, indicated by a slight increase in the diffusion 
coefficient value as the thin-film thickness increases from 4–10 nm. The diffusion coefficient in 10 nm thin-film is relatively 
close to the value of the bulk case (simulation). Thin-film thickness above the layered structure region is needed for the 
utilization of nanoscale IL in IL-assisted vacuum deposition to avoid of the low diffusion ions, in which the low diffusion of ions
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the absorption of pentacene into IL is not facilitated by the pentacene–ion interactions. Another factor that has been suggested to 
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comparison between the simulation results and experimental study suggests that IL with high absorption of pentacene has a weak 
cation–anion interactions and high total free volume. Therefore, this study revealed that the absorption of pentacene into IL is 
facilitated by the weak cation–anion interactions and high total free volume. ILs with a long-alkyl-chain cation and relatively less 
symmetric anion are expected to be a good solvent for crystallization of pentacene, owing to the weak cation–anion interactions 
and high total free volume. This study gives an insight on how particular IL has a higher pentacene absorption capacity, which
may open the possibility for designing a better crystallization solvent for pentacene toward the improvement of IL-assisted 
vacuum deposition method.  
Chapter 5: Diffusion of Nanoscale Ionic Liquid on Sapphire 
In Chapter 5, the effect of sapphire substrate on diffusion of ions in nanoscale thin-film IL was studied by MD simulation. The 
experimental study suggested that a higher diffusion of IL tends to give a higher quality of pentacene crystal. In addition, 
nanoscale thin-film IL was suggested as a promising technique to be applied in IL-assisted vacuum deposition because of the 
high uniformity of crystal growth in the lateral direction. However, the effect of sapphire substrate on the diffusion of nanoscale 
IL is still unknown. Understanding the effect of substrate on the diffusion of ions in nanoscale IL is essential for further 
application of nanoscale IL in IL-assisted vacuum deposition process. Therefore, the diffusions coefficient of ions, particularly 
in-plane direction, in nanoscale thin-film IL with thickness of 2–10 nm were investigated by MD simulation. The MD simulation 
revealed that the dynamics of ions are strongly confined in the layered structure region of approximately 1.2 nm above the 
substrate. Therefore, in 2 nm thin-film, the diffusion coefficient was significantly lower than other thicknesses because the 2 nm 
thin-film has the highest compositional ratio of the layered structure region over its total volume. The low diffusion of ions in the 
layered structure also induces a thickness dependence of diffusion coefficient, indicated by a slight increase in the diffusion 
coefficient value as the thin-film thickness increases from 4–10 nm. The diffusion coefficient in 10 nm thin-film is relatively 
close to the value of the bulk case (simulation). Thin-film thickness above the layered structure region is needed for the 
utilization of nanoscale IL in IL-assisted vacuum deposition to avoid of the low diffusion ions, in which the low diffusion of ions
is less preferred for achieving high quality pentacene crystal. This work provides further details on the physical property of 
nanoscale ILs near solid interface. 
Chapter 6: Conclusions 
In Chapter 6, the results of this thesis are summarized. This study constructs the methodology for investigating the phenomena
related to the crystal growth process in IL-assisted vacuum deposition at the molecular level, in term of the interaction of 
IL–substrate and IL–pentacene. The interfacial structure of IL–sapphire, the ability of IL to absorb pentacene, and the effect of 
the substrate on the physical property of nanoscale IL were revealed. These phenomena at the molecular level are difficult to be 
studied by the experiment. The methodology constructed in this study open the possibility for designing the desired IL–substrate 
configuration and designing suitable IL for crystallization solvent which should contribute to the improvement of IL-assisted 
vacuum deposition process for the realization of high-performance organic semiconductor devices in the future.
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